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The nematic phase was considered for a long time as an educative example of the 'simplest' liquid crystalline phase; the phase is built of molecules having longrange orientational order but lacking long-range positional order. Though examples for the nematicnematic phase transition have been shown for polymers, [1] this simple picture was recently challenged significantly. It was shown that for some dimeric or bentcore molecules, more than one nematic phase exists [2] [3] [4] [5] [6] ; upon lowering the temperature, the 'classical' nematic phase with uniform orientation of the director transforms by a first-order transition to a nematic phase with a spontaneous spatial modulation of the director. Chiral domain formation, associated with a very fast electro-optic response, was also found [7] [8] [9] in the new nematic phase. Based on transmission electron microscopy (TEM) studies performed for replicas of freezefractured samples, [3, 4] nuclear magnetic resonance (NMR) studies [10, 11] and electro-optical investigations, [9] a picture for the low-temperature nematic phase was proposed as having short oblique helicoidal twist-bent (TB) modulations, with an extremely short helical pitch of the size of a few molecular lengths (8-10 nm), in line with theoretical models. [12] [13] [14] However, the phase structure assignment is problematic; as such, short, regular structures visible in TEM images are not detectable by other direct methods. Moreover, recent results of NMR studies suggest that the N tb phase might not be composed of short TB helices. [15] Here we show that periodic, submicron features can be ascribed to crystallographic planes of a solid crystal, easily formed during 'freezing' of the samples; so the alternative models for the structure of the N tb phase need to be explored.
Material CB-7-CB (Figure 1 ), belonging to the homologous series CB-n-CB (with two 4-cyanobiphenyl mesogenic cores linked by flexible alkyl spacer with n carbon atoms), showing the N-N tb phase transition, studied previously by the Boulder [3] and Kent [4] groups, was re-investigated, mainly by atomic force microscopy (AFM) techniques.
Samples were prepared in a similar manner as reported for TEM studies, [3, 4] i.e. the material was placed between solid substrates (glass or metal), slowly cooled from the isotropic phase to the N tb phase, and then quickly immersed in liquid nitrogen. Subsequently, one substrate was removed, and the free surface of material was studied by AFM at room temperature.
For the cyanobiphenyl dimers with an odd number of carbon atoms in the linking group (homologues with n = 7, 9 and 11), the N-N tb phase transition was easily detected by differential scanning calorimetry (DSC) and polarising optical microscopy (POM). It was confirmed by X-ray diffraction (XRD) that both nematic phases have only short-range positional order ( Figure 2 ), with correlation length up to 1-2 molecular distances, in line with previous results. [2] The optical texture of the higher temperature phase is typical for the nematic phase; when placed between glass plates with uni-directionally rubbed aligning polymer layers, molecules are homogeneously oriented along the rubbing direction the birefringence (close to the N-N tb transition) is Δn = 0.15. The texture of the lower-temperature phase (N tb ) shows a number of densely packed stripe-like defects aligned along the rubbing direction ( Figure 3 ). The stripe periodicity is nearly equal to the cell thickness, being 1. 5.1-micron thick cell, respectively. The stripes are caused by the periodic modulations of local optical axis direction coupled to weak modulations of optical retardation ( Figure 4 ). The lowest retardation (corresponding to Δn = 0.10) is detected in regions in which the director is along the rubbing direction, the regions in which the director is inclined from the rubbing have a higher optical retardation (corresponding to Δn = 0.13), being slightly lower than the retardation in the uniform N phase, suggesting some internal short-wavelength structure, partially averaging the positions of the molecules.
Apparently, in the regions of smaller retardation, the optical axis is inclined from the surface plane. The tilting of the cell in respect to the light beam, along the strips, does not differentiate the retardation in these regions nor influence the pattern obtained by diffraction of laser beam on the refractive index grating formed in the cell. Thus, we can assume that in the neighbouring stripes of lower retardation the optical axis has the same direction of inclination from the surface. Such a model of periodic optical axis modulations is consistent with additional observations: rotation of the cell between crossed polarisers shrinks the distance between every second neighbouring stripes. Upon lowering the temperature, the inclination angle of optical axis modulations increases up to~40 deg., and as a result the amplitude of retardation modulations becomes more pronounced. The stripe texture is clearly stabilised by interactions with sample surfaces; upon removing the cover glass, the stripes relax to arrays of pseudo-focal conic defects (FCDs) (Figure 3) , and the width of FCDs is about twice the optical stripe periodicity. Presence of FCDs unambiguously proves the existence of an internal periodic structure of the nematic phase as such defects are characteristic of soft materials in which layering occurs; layers can be due to the positional ordering of molecules (smectics), short helices (chiral nematic), but also any other (e.g. splay-bend) periodic structures. The characteristic texture, with arrays of FC-like defects, enabled us to unambiguously distinguish the N tb phase in AFM measurements. Careful optical examination of samples frozen in liquid nitrogen and brought to room temperature usually revealed large areas covered by the N tb phase, but also some nucleation centres of the crystalline phase were visible. It takes typically several minutes for homologues with n = 9 and 11 and less than one hour for n = 7, to see the coverage of the whole (0.25 cm 2 ) sample area by solid crystal, the formation of crystalline phase was proved by XRD studies. Thus, most of the AFM studies were made with the material CB-7-CB, for which the time interval, in which modulated nematic phase can be observed, is the longest. In the N tb phase, a smooth surface over large areas (~100 × 100 μm 2 ) covered by FCDs (Figure 5a ) was observed. The shape of the defect lines in most places is parabolic; however elliptical defect lines were also observed. The weak depression of the surface around focal point and small inflation of surface around the parabolic (elliptical) defect line was detected (Figure 5b ). Most of FCDs are oriented with their parabolic (elliptical) line nearly parallel to the sample surface; 'layers' are nearly perpendicular to the surface and the focal point is located close to the defect linein 1.6-micron cell the distance is~300 nm. The eccentricity parameter for elliptical domains
, where a and b are short and long semiaxes of the ellipse, respectively), deduced from the shape of FC domains and position of hyperbolic point, is large, e 2~0 .8, which might suggest a large splay energy constant for the space modulated nematic. [16] Some of the focal conics are covered by a system of equidistant lines, having~8 nm periodicity, corresponding to height differences of less than 0.5 nm (Figure 5b ). Under application of an a.c. electric field (~50 V pp /μm, 80 Hz) perpendicular to the sample ) are also given.
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surface, the optical stripe texture was irreversibly converted to an optically non-birefringent texture (homeotropic alignment). Such samples after freezing were also examined with AFM, revealing that non-birefringent areas are made of densely packed toric domains ( Figure 6 ). 
Liquid Crystals 3
Apparently, under a strong electric field, reorientation of 'layers' takes place and FCDs are embedded into the system, with layers mostly parallel to the surface (eccentricity of elliptical defect is close to 0).
The areas covered by the solid crystal have very different morphology; in these regions nano-sized periodic structures were clearly visible ( Figure 7) . Depending on the orientation of crystal planes towards the sample surface, different AFM images were registered; in some areas strongly curved layers are clearly detected and in others uniformly oriented crystallographic planes with a~8 nm periodicity were found. Knowing that the biphenyl CB-9-CB dimer crystallises in a trigonal lattice with P3 1 21 point symmetry, [17] the layers could be identified as (001) crystallographic planes. It is quite striking that the crystal periodicity is very close to periodicities observed Figure 6 . (colour online) Change of optical texture of CB-7-CB in a 1.6-micron thick planar cell induced by application of an electric field perpendicular to the sample surface. Outside electrode area (E = 0), the stripe texture remained unaffected. The inset shows the morphology of the homeotropic part of the sample imaged by AFM, with a system with densely packed toric focal conic domains. E. Gorecka et al.
previously by TEM techniques in replica of freezefractured samples [3, 4] and to periodicity of tiny strips covering FCDs, visible in AFM images (Figure 5b ). Crystalline and liquid crystalline areas of the samples were also distinguished by registration of force-versus-distance curves ( Figure 8) ; this AFM technique provides information on local material properties, such as elasticity, hardness and adhesion, which are expected to be very different for a solid crystal and a liquid crystal. [18] The force-versus-distance curve for crystalline areas shows the typical shapes for solid state, with well-defined contact point (at the distance~20 nm) and linear slope below the contact distance. When the tip was retracted from the surface, the force decreased very rapidly due to inelastic deformation of the surface and its weak adhesion. On the other hand, liquid crystalline regions have very different characteristics, the contact point is less defined (~400 nm) and the large hysteresis between approaching and retracting scans is found, due to the strong surface adhesion in the fluid state.
In summary, our results show that~8 nm regular periodic structures, observed previously by TEM imaging, and being ascribed to the helical twistbend structure, in many cases might evidence the formation of a solid crystal. The investigated Liquid Crystals 5 materials, CB-n-CB, have a strong tendency to recrystallise (N tb is a monotropic phase); hence the N tb phase can only be observed for a short time interval at room temperature, even if the sample has been frozen in liquid nitrogen prior to the observation. Nevertheless, the formation of FCDs evidences unambiguously the presence of a shortwavelength spatially modulated structure of the lower-temperature nematic phase. Moreover, even under a strong electric field, the 'layered' structure of the nematic phase is not destroyed, and the electric field only reorients the 'layers' by moving the hyperbolic point to the centre of ellipse in focal conic domains, i.e. changing the eccentricity of FCDs. Whether the 8 nm stripes, visible by AFM studies, are indicative of helicoidal structure is more ambiguous. The AFM (as well as TEM) method does not give the hint about what is the nature of the internal submicron scale structure. If indeed the nematic phase is made of oblique helices, as suggested recently, [3, 4] the structure must be similar to that found for the crystalline phase of CB-9-CB, [17] but lacking positional order, i.e. with threefold symmetry and a small cone angle of~20 deg. at room temperature. Such a structure would be reminiscent of the SmCα phase, [19] but with short-range positional order. Formation of short-wavelength helices averages molecular positions on nano-scale length and leads to optically uniaxial structure. In thin cells, the spatial modulations of optical axis form stripe pattern, with periodicity driven by cell thickness. However, also the alternative explanation, that nematic phase has submicron, but larger than 8 nm periodicity, has to be considered, while 8-nm structure visible in AFM studies reflects the surface freezing; the focal conics might be covered by a thin layer of either crystalline [20] or smectic phase. [21] Experimental Optical examination of the characteristic textures of studied phases has been performed with a Zeiss Axio Imager A2m polarizing microscope equipped with a Linkam LTS-350 heating stage. For quantitative determination of sample birefringence and optical axis direction, the CRI Abrio Imaging System integrated with microscope was used. Samples were prepared in glass cells with various thickness, 1.6-10 micron, having surfactant layers for either planar or homeotropic alignment. The same cells were also used for preparation of the samples for AFM studies -after the formation of a desired texture, the cell was immersed in liquid nitrogen, then brought to room temperature and broken. AFM images have been taken with Bruker Dimension Icon microscope, working in tapping mode at liquid crystal/air interface. Cantilevers with a low spring constant, k = 0.4 Nm −1
, were used, the resonant frequency was in a range of 70-80 kHz and the typical scan frequency was 1 Hz. The AF microscope was equipped with a camera; this allowed to monitor the investigated areas optically, so the crystalline and nematic regions in the samples can be distinguished unambiguously. XRD experiments were performed with Bruker GADDS system.
The CB-n-CB compounds were prepared by Hull group and re-synthesised by Warsaw group. 
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